Photoreductive dissolution of layer type Mn(IV) oxides (birnessite) under sunlight illumination to form soluble Mn(II) has been observed in both field and laboratory settings, leading to a consensus that this process is a key driver of the biogeochemical cycling of Mn in the euphotic zones of marine and freshwater ecosystems. However, the underlying mechanisms for the process remain unknown, although they have been linked to the semiconducting characteristics of hexagonal birnessite, the ubiquitous Mn(IV) oxide produced mainly by bacterial oxidation of soluble Mn(II). One of the universal properties of this biogenic mineral is the presence of Mn(IV) vacancies, long-identified as strong adsorption sites for metal cations. In this paper, the possible role of Mn vacancies in photoreductive dissolution is investigated theoretically using quantum mechanical calculations based on spin-polarized density functional theory (DFT). Our DFT study demonstrates unequivocally that Mn vacancies significantly reduce the band-gap energy for hexagonal birnessite relative to a hypothetical vacancy-free 
INTRODUCTION
Photochemical reduction of Mn(IV) oxides by sunlight to form soluble Mn(II) is widely accepted as a principal process whereby Mn is maintained in dissolved form to supply aquatic species in the euphotic zones of marine and freshwater ecosystems (Sunda et al., 1983; Landing and Bruland, 1987; Sunda and Huntsman, 1988 , 1990 Waite et al., 1988 Waite et al., , 1993 Matsunaga et al., 1995; Spokes and Liss, 1995; Morgan, 2000; Guipeng et al., 2003; DelgadilloHinojosa et al., 2006) . Photoreduction of Mn oxides also impacts the solubility of environmentally-important trace elements that are adsorbed by these minerals (Tebo et al., 2004) .
Most Mn oxides found in natural waters are produced by the bacterial oxidation of soluble Mn(II) (Morgan, 2000; Tebo et al., 2004) , which is highly favored kinetically over abiotic oxidation. Recent studies utilizing X-ray absorption spectroscopy and X-ray diffraction have revealed the crystal structures of Mn oxides precipitated by three well-characterized bacteria: the marine species, Bacillus sp. strain SG-1 Webb et al., 2005) , and two freshwater species, Leptothrix discophora (Saratovsky et al., 2006) and Pseudomonas putida (Villalobos et al., 2003 (Villalobos et al., , 2006 . All of the Mn oxides investigated have been found to be layertype MnO 2 [birnessite (Villalobos et al., 2003) ] with hexagonal site symmetry and significant structural disorder resulting from cation vacancies and random sheet-stacking. Yang et al. (2003) have reviewed the considerable evidence for photo-enhanced dissolution of Mn oxides in the presence of organic reductants (e.g., humic substances) and sunlight, noting, however, that "the mechanism of photoreductive dissolution of MnO x is still not clear". In particular, Mn oxide itself has been suggested to be the chromophore in the photoreaction because of its semiconducting electronic structure. Following this line of reasoning, Sherman (2005) applied oxygen K-edge X-ray spectroscopy to characterize the photoreductive 4 dissolution of birnessite by the excitation of electrons across a semiconductor band gap, from the electron-occupied valence band (VB, mainly O-2p states in birnessite) to the unoccupied conduction band (CB, mainly Mn-3d states). If the incident photon energy is greater than the band gap, electrons are excited to the CB and positively-charged holes are created in the VB. To promote electron excitation under illumination by visible light, the band gap must be less than about 3.1 eV (λ > 400 nm incident photon wavelength). Electrons in the CB then could reduce structural Mn(IV) to Mn(III) or Mn(II), the latter of which can readily detach into solution, while holes in the VB could oxidize water molecules or nearby organic matter, an effective holescavenger which prevents electron-hole recombination. Sherman (2005) determined a band gap of 1.8 eV from O K-edge X-ray absorption and emission spectra of a well-crystallized synthetic birnessite having triclinic symmetry, interpreting his data under the assumption that band gap excitation corresponds to a ligand-tometal charge-transfer transition, O-2p to Mn-3d. Using the Nernst equation and a p.z.c. value of 2.2, Sherman (2005) estimated the bottom of the CB in triclinic birnessite to lie at -0.16 V (vs. SHE) at the pH value of seawater, which is well below the formal electrode potential for the MnO 2 /Mn 2+ couple under the same conditions (1.23 V vs. SHE). Thus triclinic birnessite should be thermodynamically susceptible to photoreductive dissolution in seawater.
However, hexagonal birnessite, not triclinic birnessite, typifies the Mn oxides found in natural aquatic systems. Hexagonal birnessite possesses Mn(IV) cation vacancies in its edgesharing octahedral sheets, whereas triclinic birnessite does not Silvester et al., 1997) . In triclinic birnessite, negative structural charge arises from the substitution of Mn(III) for Mn(IV) . In hexagonal birnessite, negative structural charge arises from the presence of the Mn vacancies. These vacancies have been identified as strong adsorption sites for 5 metals Villalobos et al., 2005; Toner et al., 2006; Takahashi et al., 2007) . However, vacancies in semiconducting materials are also known to improve photochemical reactivity as "self dopants," mainly by narrowing the band gap (Justicia et al., 2002; Hwang, 2005; Nolan and Elliott, 2006) . Therefore, a similar role of a Mn vacancy in enhancing the photochemical reactivity of hexagonal birnessite is possible, and it is this hypothesis that we examine theoretically in the present paper using quantum mechanical calculations based on density functional theory (DFT).
Density functional theory is a powerful methodology for investigating the electronic structures of photoreactive semiconducting materials containing doping elements and vacancies (Asahi et al., 2001; Wang and Doren, 2005; Nolan and Elliott, 2006; Picozzi et al., 2007) .
Because a number of factors influence semiconductor band gaps [e.g., particle size (Viswanatha et al., 2004) ], the effects of a Mn vacancy on electronic structure in hexagonal birnessite, which is typically nanoparticulate (Villalobos et al., 2006) 
Spin-polarized DFT
All calculations were performed with the CASTEP code (Segall et al., 2002; Clark et al., 2005) , which implements DFT in a plane-wave basis set to represent wavefunctions and uses ultrasoft pseudopotentials (Vanderbilt, 1990) to replace strong coulomb potentials between the atomic nuclei and core electrons with weak effective potentials, thus dramatically reducing the number of plane waves required to represent wavefunctions. Under standard approximations to account for electron exchange and correlation, eigenstates and eigenvalues of the Kohn-Sham equations (Kohn and Sham, 1965; Payne et al., 1992) were calculated via efficient self-consistent iterative methods including density mixing (Kresse and Furthmüller, 1996) . Electron exchange and correlation were described using the spin-polarized generalized gradient approximation (GGA) with Perdew, Burke, and Ernzerhof functionals (Perdew et al., 1996) .
Manganese oxides in general exhibit a variety of magnetic states that couple strongly to structural energetics and, therefore, a spin-polarized treatment is essential for accurate DFT calculations (Singh, 1997; Pask et al., 2001; Balachandran et al., 2003) , i.e., electron densities must be calculated separately for spin-up and spin-down orientations. In the present study, all calculations for hexagonal birnessite were performed with spin polarization and exhibited ferromagnetic ordering among Mn ions within a layer. The triangular Mn lattice does not allow an antiferromagnetic spin order because of frustration (Moessner and Ramirez, 2006) , resulting in the stabilization of the otherwise higher energy ferromagnetic ordering. examined, but the energy difference found was less than the energy variability in calculations using ferromagnetic alignment (i.e., << 1 meV in the total energy per formula unit). Moreover, band gaps calculated with the antiferromagnetic alignment were identical to those calculated with ferromagnetic ordering.
Ultrasoft pseudopotentials were constructed for Mn and O atoms using the on-the-fly pseudopotential generator implemented in CASTEP. The valence electron configurations were 3s 2 3p 6 3d 5 4s 2 for Mn and 2s 2 2p 4 for O. In the Mn pseudopotential, the number of non-local projectors was one for each s state (3s and 4s) and two each for the 3p and 3d states. In the O pseudopotential, two non-local projectors each were used for the 2s and 2p states. The core radius of Mn was 2.3 a 0 (a 0 = 0.52918 Å is the Bohr radius), and that of O was 1.3 a 0 . The q c for KE optimization were set at 5.5 and 6 a 0 -1 for Mn and O, respectively. Pseudopotentials at a 500 eV cut-off energy reproduced well the structure and energy data for MnO calculated with the allelectron method (Pask et al., 2001 ) (see Appendix EA-1). For H, the Vanderbilt-type pseudopotential in the CASTEP library (version 7.3.2) was used, and the core radius was 0.8 a 0 .
Model birnessite structures
Hexagonal vacancy-free Mn(IV)O 2 has not yet been synthesized in the laboratory and, therefore, its structure was modeled based on the Mn and O atomic coordinates for a microcrystalline birnessite prepared by thermal decomposition of KMnO 4 at 800°C (Gaillot et al., 2003 
Convergence and geometry optimization
In all DFT optimizations, the plane-wave basis sets were expanded to a cut-off energy of 500 eV. For the first Brillouin zone, 6 x 6 x 2 k-point grids (Monkhorst and Pack, 1976) were used without a grid origin offset for vacancy-free MnO 2 . For MnO 2 with vacancies, 5 x 5 x 2 and 2 x 2 x 2 k-point grids were used for a 2 x 2 x 1 supercell and a 4 x 4 x 1 supercell, respectively.
Tests performed on the 6 x 6 x 2 (vacancy-free MnO 2 ) and 5 x 5 x 2 (vacancies included) grids with the 500 eV cut-off energy achieved very high convergence of both force (0.01 eV/Å or better) and stress (0.01 GPa or much better) for any Cartesian component and total energy per formula unit (1.5 meV or much better). Shifting the k-point grid to have a gamma point did not change the results within the precision of the convergence test performed on vacancy-free MnO 2 .
Geometry optimizations were performed following the BFGS procedure (Pfrommer et al., 1997) . For vacancy-free MnO 2 , all cell parameters and internal ionic positions were fully relaxed. For supercells that included a vacancy, the three unit-cell angles (90º, 90º, and 120º) and the c-axis lattice parameter (14.001 Å) were fixed based on the vacancy-free MnO 2 results, but the a-and b-axis lattice parameters and all internal ionic positions were relaxed. In the geometry optimization, the energy tolerance was 0.000005 eV/atom, and the maximum force and stress tolerance on any Cartesian component were 0.01 eV/Å and 0.02 GPa, respectively, for all MnO 2 structures. Most residual force and stress values in fact were much smaller than these tolerances.
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The partial density of states (DOS), which describes qualitative contribution of specific angular momentums of atoms (e.g., Mn-3d and O-2p) to the total number of electronic states corresponding to each energy level, was determined by projection of plane-wave eigenfunctions onto pseudo-atomic basis sets (Segall et al., 1996) . The spilling parameter (i.e., the difference between plane-wave eigenfunctions and the projected orbitals) for the partial DOS was less than 4 %. The k-point grid for DOS calculations was 8 x 8 x 2, 4 x 4 x 2, and 2 x 2 x 2 for 1 x 1 x 1 cell, 2 x 2 x 1 supercell, and 4 x 4 x 1 supercell, respectively. The Gaussian smearing width of the DOS was 0.05 eV. (Table 2 ). This is in agreement with extended X-ray absorption fine structure (EXAFS) results, whereas X-ray diffraction ( but the H were found to coordinate preferentially with O 2Mn , as also would be expected from the Pauling Rules, and to lie just out of the a-b plane in rather close proximity to one another, as shown in Fig. 1b . We note in passing that structural relaxation around a Mn vacancy appears to depend on the cations charge-compensating the vacancy. In the present study, at the lower vacancy content, and with a vacancy charge-compensated by four H, the Mn 1st and O around the vacancy undergo 12 both inward and outward displacements. However, in our recent study of a Zn-birnessite with the same vacancy content but with a vacancy charge-compensated by two Zn, the Mn 1st all moved toward a Mn vacancy, while O around the vacancy all moved away from it (Kwon et al., 2009 ).
RESULTS AND DISCUSSION
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Vacancy-free MnO 2
The partial DOS exhibits spin-dependent mixing (or hybridization) mainly between Mn3d and O-2p states (Fig. 2a) , while overall the contribution of O-2p states is dominant in the VB and that of Mn-3d states is dominant in the CB. In the spin-up state, the contribution of O to the total DOS was similar to that of Mn throughout. In the spin-down state, however, the O contribution was greater than the Mn contribution to the VB, whereas Mn-3d states predominated over O-2p states in the CB. The hybridization between Mn-3d and O-2p indicated in Fig. 2a (Anisimov et al., 1997) or the screened-exchange method (Seidl et al., 1996) . Sakai et al. (2005) their sample to be vacancy-free. A full discussion of the experiments of Sakai et al. (2005) and their relevance to our DFT results has been given elsewhere .
Effects of vacancies
Inclusion of a Mn vacancy substantially changed the electronic structure, particularly near the band-gap edges ( Fig. 2 and Appendix EA-4). The DOS of hexagonal birnessite with vacancies clearly shows that the band gap narrows from 1.3 eV in vacancy-free birnessite to 0.9 eV in birnessite with 3.3 % vacancies (Fig. 2b) , and then to 0.3 eV in birnessite with 12.5 % vacancies (Fig. 2c) . For spin-up electrons, the band gap decreases from 1.7 eV (vacancy-free) to 1.2 eV (3.3 % vacancies), and then to 0.9 eV (12.5 % vacancies); for spin-down electrons it decreases from 2.2 eV (vacancy-free) to 2.0 eV (3.3 % vacancies), and then to 1.3 eV (12.5 % vacancies). Because the well-known band-gap underestimation by the GGA occurs mainly through a uniform downward shift of all CBs (which can differ for spin-up and spin-down states), it should not affect the accuracy of our calculated band gap trend for different vacancy contents.
Band gap reduction by Mn vacancies would promote formation of more pairs of photo-induced electrons and holes upon illumination. Furthermore, while the band gap for spin-down electrons in vacancy-free MnO 2 is indirect, that for MnO 2 with vacancies is direct (i.e., they exhibit a band gap for which the CBM and the VBM occur at the same value of the electron wavevector, see
Appendix EA-4). This appearance of a direct band gap implies that light absorption would be more efficient in MnO 2 with vacancies than in vacancy-free MnO 2 .
The substantial band-gap reduction by a Mn vacancy is due to the introduction of states at the top of the VB, while O-2p and Mn-3d hybridization occurs similarly to that in vacancyfree MnO 2 . These newly-introduced states (around -1 to 0 eV in Fig. 2b, c) 
Enhancement of photoreactivity
Our DFT calculations show that the semiconductor band gap in hexagonal birnessite is both reduced in magnitude and becomes direct in the presence of Mn vacancies, which are characteristic defects in all synthetic and natural birnessites investigated experimentally to date, leading us to propose that these vacancies promote the photoreduction of natural birnessites in aquatic systems. Sakai et al. (2005) reported apparently the first observation of photocurrent generation by a chemically-synthesized hexagonal birnessite that we estimate to contain about 3 % vacancies. A monolayer film of this material produced photocurrents under visible light radiation (λ < 500 nm) without significant structural decomposition. Matsunaga et al. (1995) observed rapid photoreduction of δ-MnO 2 , a chemically-synthesized hexagonal birnessite which is known to contain about 6 % Mn vacancies (Villalobos et al., 2003 (Villalobos et al., , 2006 , that was suspended in seawater containing organic acids characteristic of phytoplankton blooms and then subjected to sunlight illumination. These two experimental findings indirectly support our hypothesis about the importance of Mn vacancies to the photoreactivity of hexagonal birnessite.
The photoreduction of birnessite is not only determined by the band gap, which is decreased in the presence of Mn vacancies, but also the recombination rate of the electrons and holes produced by illumination. Rapid recombination of these photon-generated charge-carriers diminishes the possibility of subsequent electron-transfer processes (Grätzel, 2001 ) and, therefore, efficient separation of the charge-carriers after excitation enhances the opportunity for the two-electron reduction from Mn(IV) to Mn(II) (Gilbert and Banfield, 2005 (Choi et al., 1994) ]. In the present case, however, Figure 2 shows that the CB in the presence of a Mn vacancy is negligibly different from that in vacancy-free MnO 2 , and Appendix EA-4 shows that the states introduced by a Mn vacancy have a finite bandwidth overlapping the band states of vacancy-free MnO 2 . Therefore, we propose that band-gap reduction by a Mn vacancy would not significantly lower the mobility of photo-induced charge carriers. In addition, Sakai et al. (2005) speculated that the nanoscale thickness (< 1 nm) of the birnessite film they investigated facilitated excited electron and hole escape before recombination could occur.
Qualitatively, efficient electron-hole separation by a Mn vacancy is evident from comparing the charge distribution (i.e., electronic orbitals) at the VBM and the CBM in the absence and presence of vacancies (Fig. 3) . Electronic transitions from the VB to the CB upon illumination would most likely leave hole states at the VBM and excited electron states at the CBM. In vacancy-free MnO 2 , most of the electron and hole states are overlapping (Fig. 3a, b) . In the presence of a vacancy, however, the electron and hole states are well-separated (Fig. 3c, d ),
i.e., the VBM hole states are near the vacancy site, whereas the CBM electronic states are mostly in a neighboring sheet, well away from the VBM hole states. The lowest CB electronic states near a vacancy site are found at ca. 0.2 eV (4 x 4 x 1 supercell) and 0.3 eV (2 x 2 x 1 supercell) above the CBM at the Γ point, indicating that efficient charge separation would persist at ambient temperature. Further research to compute the matrix elements for electronic transitions (You and Cardona, 2005) in the absence and presence of Mn vacancies may provide more conclusive insights on the recombination rate. (Gaillot et al., 2003) .
c A powder sample of layer type K-MnO 2 (Gaillot et al., 2003) . 
